Insulin and insulin-like growth factors are found in all animals and regulate many physiological 35 and developmental processes. The human genome has 10 insulin-like peptides including the 36 well characterized insulin hormone. The nematode C. elegans has 40 insulin-like (INS) peptide 37 genes. All 40 INS peptides have been knocked out but no single INS gene knock out resembles 38 the loss of the C. elegans insulin receptor suggesting that the other INS peptides can 39 3 compensate when one INS is lost. We have used a genetic approach to overexpress each of the 40 40 INS peptides in C. elegans and have identified in vivo function for 35 of the 40 INS peptides. 41 Like the human insulin and IGF-1, C. elegans INS peptides are derived from a precursor protein 42 and we have shown that INS peptides with an associated peptide called the F peptide are 43 strong activators of the C. elegans insulin-like receptor. We also identified several INS peptides 44 that inhibit the insulin-like receptor and these inhibitory INS peptides may have therapeutic 45 potential. 46
Abstract 19 The human genome encodes ten insulin-like genes, whereas the C. elegans genome remarkably 20 encodes forty insulin-like genes. The roles of insulin/insulin-like peptide ligands (INS) in C. 21 elegans are not well understood. The functional redundancy of the forty INS genes makes it 22 challenging to address their functions by using knock out strategies. Here, we individually 23 overexpressed each of the forty ins genes pan-neuronally, and monitored multiple phenotypes 24 including: L1 arrest life span, neuroblast divisions under L1 arrest, dauer formation and fat 25 accumulation, as readouts to characterize the functions of each INS in vivo. Of the 40 INS 26 peptides, we found functions for 35 INS peptides and functionally categorized each as agonists, 27 antagonists or of pleiotropic function. In particular, we found that 9 of 16 agonistic INS peptides 28 shortened L1 arrest life span and promoted neuroblast divisions during L1 arrest. Our study 29 revealed that a subset of β-class INS peptides that contain a distinct F peptide sequence are 30 agonists. Our work is the first to categorize the structures of INS peptides and relate these 31 structures to the functions of all forty INS peptides in vivo. Our findings will promote the study 32 of insulin function on development, metabolism, and aging-related diseases.
Introduction 47 The C. elegans insulin/insulin-like growth factor signaling (IIS) pathway has been extensively 48 studied and the IIS pathway components are evolutionary conserved in metazoans [1] . Insulin- receptor [8] . The lack of loss-of-function phenotypes for many of the INS peptides suggests that 60 some act redundantly in C. elegans, and this makes addressing INS functions by knock-out 61 strategies challenging and limited [8] . 62 In mammals (including humans), INS peptides and IIS signaling control glucose levels, hormone 63 homeostasis and metabolism [9] . In C. elegans, IIS signaling controls aging, development, 64 behavior, dauer formation, as well as fat accumulation [10] . By using dauer formation as a 65 readout phenotype, only INS-4, 6 and DAF-28 were identified as potential agonists, while INS-1, 66 17 and 18 were identified as potential antagonists [7, 11, 12] 
Results

93
Overexpressed INS affect L1 arrest life span. 94 In the absence of food, newly hatched C. elegans larva (L1 stage) undergo a developmental 95 quiescence called L1 arrest. Previously, we and others have shown that down regulation of the 96 IIS pathway is critical for L1 arrest survival [17, 18] . Wild type L1 arrested worms live for a 97 maximum of 20 days with a mean life span of 13 days when grown at 20℃. Manipulation of IIS 98 signaling can alter the normal 20 day survival period. DAF-18 is the worm orthologue of the 99 human PTEN tumor suppressor. DAF-18/PTEN functions to inhibit the IIS pathway. Enhanced IIS 100 caused by the loss of daf-18 resulted in shortened life span during L1 arrest ( Figure 1A ). 101 Blocking IIS by loss of the daf-2/INSR resulted in lengthened lifespan in L1 arrested worms 102 ( Figure 1A) . To categorize the functional role of INS peptides on the regulation of the IIS 103 pathway, each of the forty ins (oe) strains were scored for L1 arrest life span. We found that 104 twenty-one (ins- 1, 2, 3, 4, 6, 7, 8, 9, 10, 11, 13, 16, 18, 19, 20, 25, 29, 30, 31, 32 and daf-28 ) ins 105 (oe) worms had significantly shorter life span when compared to wild type worms during L1 106 arrest ( Figure 1B and C). This suggests that these twenty-one INS peptides function as DAF-107 2/INSR agonists to activate the IIS pathway. Eight (ins-12, 14, 17, 22, 28, 34, 37 , and 39) ins (oe) 108 worms had significantly longer life span than wild type L1 worms ( Figure 1D ), suggesting that to analyze the functions of the INS ligands. 124 We found that thirteen INS (oe) strains (ins- 1, 2, 3, 4, 6, 7, 8, 9, 19, 25, 31, 32 and daf-28) 125 caused Q cell divisions in L1 arrested worms ( Figure 2C To ensure that INS peptides overexpressed in the nervous system were dependent on normal 141 peptide processing, we tested whether the pro-protein convertase deficient animal (egl-3 142 mutant) [12] could suppress the function of agonistic INS peptides on L1 arrest Q cell divisions. 143 We found that L1 arrested Q cell divisions in ins (oe) worms were completely suppressed by egl- Figure S1 ). In addition, we also propose that 296 INS-19 has an F peptide as it has a potential pro-protein convertase cleavage site ( Figure S1 ). (Table   317 1). By using these IIS phenotypes as readouts of insulin peptide activity, we found that seven 318 INS peptides (3, 4, 6, 9, 19, 32 and DAF-28) were strong agonists and three INS peptides (17, 37 319 and 39) were strong antagonists of DAF-2/INSR, because these INS peptides acted either as 320 agonists or antagonists in all our tested phenotypes. Five INS peptides (15, 21, 22, 36, and 38) were found to be weak antagonists; and nine INS peptides (1, 2, 10, 11, 13, 20, 24, 29 Life span was assessed in liquid medium [18] . L1 worms were cultured in 1 mL M9, 50-100 µL 360 was taken to ensure the sample size was larger than 50, and the worms were scored every day. 361 We scored survival by counting the number of worms that were moving (alive) and then 362 dividing that number by the total number of worms in the aliquot. To compare the survival 363 rates between strains, the L1 arrests were carried out in triplicate with at least 100 L1s and the 364 mean survival rate calculated by the Kaplan-Meier method [42] , that is the fraction of living 365 animals over a time course. The significance of difference in overall survival rate is performed 366 using the log-rank test [43] . 367 Fat staining 368 Synchronized eggs were cultured on OP50 plates with 25 ng/ml of Nile red for 3 days at 20℃, 369 and then washed 3 times with M9, cultured on normal OP50 plates for 1 more day at 20℃ to 370 eliminate the Nile red OP50 background in the intestine. Worms were collected and washed in 371 M9 3 times, then fixed in 40% isopropanol for 3 min. At least 30 animals were imaged in at least 372 three separate experiments using a Zeiss Axioplan. The fluorescent intensity in the whole worm 373 was quantified by using ImageJ. 374 Dauer formation at high temperature 375 We analyzed L2 dauer formation at 29℃ as synchronized zdIs5 worm eggs hatched at 29℃ 376 presented a higher percentage dauer phenotype. The dauer, dauer-like and adult worms with 377 injection marker were counted. The dauer percentages were calculated. Three independent 378 trails were performed for each strain, each sample size was greater than 50. 379 We are grateful to Caenorhabditis Genomic Center for providing strains, which is funded by the 
